and other cells which may be one mechanism by which PAHs pyrene (BaP) were able to cause Ca 2⍣ elevation in HMEC produce sustained elevation of intracellular Ca 2ϩ (7). at early time points (2 h) and caused sustained alterations
metabolized to reactive intermediates that covalently bind to Previous studies have shown that polycyclic aromatic DNA to exert their carcinogenic action (3). The mechanisms hydrocarbons (PAHs) mobilize intracellular Ca 2⍣ in human whereby PAHs cause tumor promotion and progression have T cells by inositol trisphosphate-dependent mechanisms been less well studied.
resulting from activation of phospholipase C-γ by SRC-
In recent years it has been demonstrated that PAHs, such as related protein tyrosine kinases, thereby mimicking anti-7,12-dimethylbenz[a]anthracene (DMBA) and benzo[a]pyrene gen-receptor activation. Ca 2⍣ appears to play an important (BaP), have important effects on Ca 2ϩ signaling pathways in second messenger role in growth factor control of cell murine and human lymphoid cells (4,5). It has been demonproliferation in human mammary epithelial cells (HMEC), strated that PAHs increase intracellular levels of free Ca 2ϩ in such as the epidermal growth factor receptor pathway. The human lymphoid cells by activating SRC protein tyrosine purpose of the present studies was to determine if PAHs kinases associated with T cell antigen and mitogen receptors are able to increase intracellular Ca 2⍣ in primary cultures leading to inositol trisphosphate (IP 3 )-dependent Ca 2ϩ mobilof HMEC and increase cell proliferation. Two carcinogenic ization from intracellular stores (6). We have also recently and two non-carcinogenic PAHs were tested for their ability shown that PAHs are capable of inhibiting Ca 2ϩ re-uptake to increase intracellular Ca 2⍣ in HMEC. The carcinogenic pumps present in the endoplasmic reticulum of lymphocytes,
PAHs dimethylbenz[a]anthracene (DMBA) and benzo[a]
and other cells which may be one mechanism by which PAHs pyrene (BaP) were able to cause Ca 2⍣ elevation in HMEC produce sustained elevation of intracellular Ca 2ϩ (7).
at early time points (2 h) and caused sustained alterations
There are several lines of evidence that alterations in Ca 2ϩ in Ca 2⍣ homeostasis (18 h). DMBA showed maximal effects homeostasis in human mammary epithelial cells (HMEC) may at early time points (2 h), while BaP showed maximal effects be important in normal and neoplastic cell growth. Cell on sustained Ca 2⍣ (18 h). 2,3,7,8-Tetrachlorodibenzo-pproliferation and growth of mammary epithelial cells is dependdioxin (TCDD), a potent dioxin and tumor promoter, ent upon the action of several growth factors, including produced maximal Ca 2⍣ elevation at 2 h, with a return to epidermal growth factor (EGF) and insulin-like growth factors near baseline levels by 6 h. The non-carcinogenic PAHs (IGF) (8-10). Overproduction or activation of growth factor benzo[e]pyrene and anthracene did not significantly alter receptors may be associated with neoplastic progression (11). intracellular Ca 2⍣ at any time point. α-Naphthoflavone Following receptor binding, many growth factors, such as significantly reduced the Ca 2⍣ response induced by BaP EGF, stimulate tyrosine phosphorylation leading to the release treatment, but not by DMBA or TCDD, suggesting that of intracellular Ca 2ϩ (12). Signaling through the epidermal P450 1A or 1B metabolism of BaP may be important in growth factor receptor (EGFR) leads to Ca 2ϩ mobilization the sustained Ca 2⍣ elevating response. In evaluating the and ras-dependent Ca 2ϩ influx in cells overexpressing the effects of BaP on HMEC proliferation, BaP was found to EGFR (13) . increase the number of cells recovered after 4 days in A hallmark of malignant transformation, progression and culture in the absence or presence of various concentrations metastasis is aberrant signal transduction, which may be of epidermal growth factor. These studies provide initial associated with alterations in Ca 2ϩ homeostasis (14) . Elevated Ca 2ϩ concentrations in cultures of basal epidermal kerevidence that Ca 2⍣ signaling may be associated with mitogatinocytes and mouse keratinocytes results in the modification enesis in HMEC, which may play a role in tumor promotion of cell phenotype characteristic of tumor promoters (15, 16) . and progression produced by PAHs.
Ca 2ϩ plays an important role in regulating epithelial cell proliferation, by activating protein kinase C, leading to protein phosphorylation and cell proliferation (17, 18) . Therefore, it by PAHs for all donors tested is shown in Figure 1B . BaP was
2,3-bis(2-Methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)-carbonyl]-2H-
the only PAH that produced a statistically significant increase tetrazolium hydroxide (XTT) assay in intracellular Ca 2ϩ at the 0.3 µM concentration, whereas
The XTT assay was used to quantitate cell proliferation as previously described both BaP and DMBA increased intracellular Ca 2ϩ at the 3 µM (21) . Briefly, cells were plated into 12-well plates (Corning, Corning, NY) at concentration. In contrast, BeP and anthracene were not found a density of 6ϫ10 3 cells/well and allowed to attach in complete medium for to produce a statistically significant increase in intracellular 24 h. Treatments were added after 24 h and medium changed every 2 days.
Ca 2ϩ at the 0.3 or 3 µM concentrations.
XTT solution was prepared on the day of use at 1 mg/ml in prewarmed medium without serum. A solution of 5 mM phenazine methosulfate (PMS)
Time dependence of BaP, DMBA and TCDD Ca 2ϩ elevation
was prepared in PBS and stored at 4°C for 3 months, protected from light. representative experiment that was conducted three times with was different in that the DMBA-induced Ca 2ϩ elevation peaked found that BaP maintained elevated levels of intracellular Ca 2ϩ for several days (data not shown). TCDD also increased intracellular Ca 2ϩ in HMEC, with an apparent maximal response occurring at~2 h. In a series of studies with cells from five donors it was found that the Ca 2ϩ response of HMEC to TCDD was somewhat more variable than the responses to DMBA and BaP (data not shown).
in HMEC

ANF reduces the Ca 2ϩ signaling response to BaP, but not DMBA or TCDD
ANF is an inhibitor of P450 1A1, 1A2 and 1B1 enzymes that are responsible for the conversion of BaP and DMBA to reactive metabolites (22) . BaP, DMBA and TCDD are all ligands of the Ah receptor and ANF may also be a partial antagonist of the Ah receptor in some species (23) . Therefore, it was of interest to determine whether ANF could alter the Ca 2ϩ response of HMEC to these agents. As shown in Figure  3 , 10 µM ANF was found to produce a small increase in intracellular Ca 2ϩ in HMEC treated for 18 h. However, when 10 µM ANF was co-incubated with 3 µM BaP, ANF was found to reduce the Ca 2ϩ -elevating effects of BaP. When compared with the ANF treatment group, it is notable that 
BaP increases cell proliferation in HMEC
Since activation of the EGFR signaling pathways are important early, whereas the BaP-induced effect increased with time and appeared to be still increasing at the 18 h time point. Later for inducing cell proliferation in HMEC, activation of which can lead to mobilization of intracellular Ca 2ϩ through phosphotime points were evaluated in other experiments, where it was effects of 3 µM BaP, the dose which was shown previously to cause sustained Ca 2ϩ alterations, appeared to be most effective in increasing cell proliferation in the presence of 1 and 5 ng/ml EGF. The 0.3 µM concentration of BaP also caused a significant increase in cell proliferation at 5 ng/ml EGF. The results of XTT assays were verified by direct examination of cell cultures.
Discussion
PAHs are environmentally prevalent compounds that are likely human carcinogens. Major sources of human exposure to PAHs occur through ingestion of charbroiled foods, cigarette smoking or breathing of urban air (24) . PAHs are complete carcinogens in that they are capable of both tumor initiation and tumor promotion/progression (1). The mechanism by which PAHs, such as BaP and DMBA, produce tumor initiation has been extensively studied for at least three decades (25) . Metabolic activation of PAHs by P450 enzymes appears to be critical in cells, which has been attributed to increased formation of the BaP 7,8-diol-9,10-epoxide in HMEC (30) .
In recent years it has become clear that many carcinogens produce tumor promotion and progression through non-genotoxic mechanisms, perhaps by modulating growth factor signaling pathways in cells (11). Previous work in our laboratories has shown that PAHs mobilize intracellular Ca 2ϩ in lymphoid cells and perhaps trigger Ca 2ϩ -dependent pathways of cell activation (4). PAHs do not alter Ca 2ϩ -independent signaling pathways, such as interleukin-4-induced B cell mitogenesis (31) . It is known that growth of HMEC is controlled in part by several growth factor receptors that are associated with Ca 2ϩ signaling pathways, including the EGFR (32) and IGF-I receptor (33) . Thus, it was of interest to us to determine whether PAHs mobilize Ca 2ϩ in HMEC, in a manner analogous to that observed in human lymphoid cells.
In human lymphocytes and lymphoid cell lines we have identified two patterns of Ca 2ϩ elevation produced by PAHs (6,7,34). The first pattern is a relatively PAH-non-specific activation of protein tyrosine kinases (as indicated by sensitivity to genistein inhibition) that results in a rapid, but transient, increase in free intracellular Ca 2ϩ (34) . Previous studies have shown that SRC family protein tyrosine kinases are rapidly activated by PAHs, that Ca 2ϩ release is IP 3 -dependent and that Ca 2ϩ is mobilized from intracellular storage pools (6). The Ca 2ϩ elevation in lymphocytes is still under investigation, two recent observations are noteworthy. First, immunotoxic and carcinogenic PAHs or associated metabolites have been found lipase C-γ, the potential mitogenic effects of BaP in HMEC culture were investigated. Cultures of HMEC were treated to have thapsigargin-like effects, inhibiting sarcoplasmic/endoplasmic reticulum Ca 2ϩ -ATPases (SERCA), enzymes present with 0.03, 0.3 or 3 µM BaP in the absence or presence of EGF (0-10 ng/ml) for 4 days. Results of the cell proliferation in the endoplasmic reticulum of lymphoid cells that function as Ca 2ϩ re-uptake pumps following Ca 2ϩ mobilization (7). assay showed that 3 µM BaP increased HMEC cell numbers in all treatment groups with or without EGF (Figure 4) . The
Thapsigargin is an atypical tumor promoter which also acts by inhibition of SERCA activity (36 potential biological significance of BaP-induced Ca 2ϩ signaling may relate to the ability of this agent to mimic EGFR signaling In the present studies the carcinogenic PAHs, including BaP, DMBA and TCDD, were found to produce statistically and mitogenesis. In support of this hypothesis, BaP was found to produce a significant increase in the amount of cell significant increases in intracellular Ca 2ϩ in HMEC. In contrast, the two weak or non-carcinogenic PAHs, BeP and anthracene, proliferation measured in 4 day HMEC cultures in the absence or presence of EGF. We hypothesize that PAH-induced alteradid not produce a significant increase in Ca 2ϩ . There were differences in the patterns of Ca 2ϩ elevation produced by BaP, tions in intracellular Ca 2ϩ may play a role in signaling associated with human breast cancer promotion and pro-DMBA and TCDD in HMEC. DMBA and TCDD were found to produce a more rapid and transient elevation of intracellular gression. Ca 2ϩ , peaking after~2 h exposure, while BaP produced a more sustained increase in intracellular Ca 2ϩ , lasting for 18 h
